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Abstract 
Boron-doped (p-type) μc-Si:H thin film window layers are widely used in silicon thin film solar cell fabrication due 
to their low optical absorption and high doping efficiency compared with their amorphous counterparts. In this paper, 
the layer-by-layer method is investigated to fabricate high-quality thin p layers (< 30 nm). To investigate the 
influence of the type of substrate, p layers are deposited onto planar glass and textured glass (bare or coated with 
ZnO:Al thin film). The crystalline volume fraction (crystallinity) and conductivity of the deposited p layers are 
measured to characterise the films’ properties. We find that by increasing the number of hydrogen plasma treatment 
steps and their duration, the films’ crystallinity and electrical properties improve strongly. We also find that the 
substrate surface roughness strongly influences the film properties. This may be due to the different nucleation 
conditions resulting from the various substrate topographies.  
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1. Introduction 
A microcrystalline silicon (μc-Si:H) boron doped layer is used as window layer in various silicon thin-
film solar cells, because of its low absorption coefficient and high conductivity compared with a doped 
amorphous layer [1]. This p-type μc-Si:H layer plays a key role in silicon thin-film solar cells because it 
is used not only to generate the built-in electrical field but also to serve as the seed layer (in pin 
configuration) on which the microcrystalline intrinsic layer is grown. However, because the boron atom 
tends to remove hydrogen atoms from the surface of the film, it is apt to prevent the nucleation and the 
crystalline phase growth [2]. As a result, it is difficult to fabricate a very thin p-type μc-Si:H film (below 
30 nm) with high crystallinity (> 60%) and conductivity (> 1 S/cm). One effective solution which has 
been reported and used by many groups is using very-high-frequency plasma excitation (VHF) [3, 4]. 
But, on the other hand, VHF may lead to serious deposition uniformity problems when used for the 
fabrication of large-area samples. Another solution to improve the property of the very thin films is to 
reduce the thickness of the incubation layer, so that the nucleation starts at the early stage of the film 
growth and the crystalline phase can dominate in the later growth process. Generally speaking, the 
thickness of the incubation layer is about 10 to 15 nm in the standard deposition process. This means that 
there is not much room for the crystalline phase growth in the very thin film. But Cabarrocas et al. have 
shown that the incubation layer can be reduced to below 5 nm thickness by using the layer-by-layer 
(LBL) method [5, 6]. Consequently, the μc-Si:H p-layer with only 20 nm thickness can still reach high 
crystallinity and conductivity because of the hydrogen diffusion and etching effects leading to the 
reduction of the incubation layer thickness. 
 
The properties of μc-Si:H thin films also depend on the type of substrate or growth interface [7]. So it 
is necessary to study the influence of different types of substrates on the growth of μc-Si:H thin films. In 
this paper, conventional rf (13.56 MHz) PECVD and the LBL method were used for the deposition of 
very thin (< 30 nm) p layers onto planar glass, planar glass coated with a ZnO:Al thin film, and textured 
glass with a rough surface. The effects of hydrogen plasma treatment steps on the film properties are 
investigated and the best results achieved on the various types of substrates are presented. In addition, the 
influence of the substrates and the growth interfaces on the μc-Si:H thin film growth and the resulting 
film properties are also discussed. 
2. Experiment
All films were deposited onto A3 size (30u40 cm2) soda-lime glass sheets. The used deposition 
conditions are listed in Table 1. 
Table 1. Deposition conditions for all the experiments in this study 
Deposition parameter Value 
Substrate temperature (°C) 200 
Pressure ( Torr ) 1.0-1.5 
Power density ( mW/cm2) 
Gas flow rate ( sccm ) 
B2H6 concentration 
40-60 
SiH4:4-8;   H2:192-196 
0.1% 
 
The layer-by-layer (LBL) method is a technology where μc-Si:H deposition and hydrogen plasma 
treatment are conducted alternately during the deposition process. A schematic of the LBL method is 
shown in Fig. 1. The number of cycles (i.e., a H2 plasma treatment followed by the deposition of a thin 
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μc-Si:H layer) or the length of the plasma treatment process were varied in our experiments. The 
thickness of all films fabricated in this work was in the range of 25-30 nm. Before μc-Si:H deposition, a 
very thin boron-doped amorphous Si layer (about 3-4 nm) was deposited onto each substrate as the first 
step. There were two reasons for this. First, in this way the μc-Si:H depositions in all the experiments had 
the same initial interface, whereby this is an interface between a-Si:H and μc-Si:H (i.e., a Si-Si interface) 
rather than an interface between glass (mainly SiO2) and Si or a TCO (such as ZnO:Al) and Si. Thus, 
influences from the initial growth interface are ruled out here. Secondly, the thin a-Si:H layer can directly 
serve as an incubation layer for nucleation and crystalline phase growth, which can accelerate the μc-Si:H 
layer’s growth process [8].  
 
Fig. 1.  Schematic of the LBL method used in this work for μc-Si:H thin-film deposition. The H2 plasma treatment and the μc-Si:H 
deposition are alternately conducted during the entire process.  
 
Fig. 2.  The crystallinity measurement positions (a) and conductivity measurement positions; (b) on A3 size soda-lime glass for each 
sample. 
The crystalline volume fraction (crystallinity) of the films was measured by Raman spectroscopy, 
using a laser producing 514 nm light. The crystallinity Xc was calculated via 
Xc = (I 510 + I 520) / (I 510 + I 520 + I 480) ,                                                (1) 
where Ix is the integrated area of the deconvoluted peak at x cm-1. The conductivity ı (S/cm) was 
calculated via 
ı = 1/ (RƑ × t)                                                                                    (2) 
RƑ is the sheet resistance measured with a four-point probe instrument and t is the film thickness 
measured with a Stylus profilometer. The crystallinity and conductivity measurements were conducted at 
five and nine locations, respectively, near the centre of the A3 size glass sheet, as shown in Fig. 2. 
3. Results and discussion 
3.1. Influence of hydrogen plasma treatment on Si film properties 
In order to fabricate a very thin μc-Si:H film with high crystallinity, it is necessary to reduce the 
incubation layer’s thickness and to make the nucleation start as early as possible. As reported in the 
literature, a good atomic hydrogen coverage of the film surface will benefit the nucleation process [9]. 
The hydrogen atoms can permeate into the sub-surface region of the film, and this permeation process 
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will lead to a structural relaxation followed by a structural reconstruction and next, the generation of 
stress to form more rigid Si networks where the nucleation will start from [10]. Because of the formation 
of these flexible networks and the structural re-arrangement, they cause localised crystallisation of the 
amorphous network [10, 11]. At the same time, during the deposition, the hydrogen plasma would tend to 
etch the surface of the film. Because of this etching effect, amorphous networks with weak Si-Si bonds 
will be etched away. As a result, the amorphous phase becomes less and the crystalline phase with strong 
enough bonding will be left and keeps growing [12]. Thus, when the film is exposed to the hydrogen 
plasma, it is good for the crystalline phase growth and finally gets a high crystallinity for the μc-Si:H film. 
Based on this principle, a series of hydrogen plasma treatment experiments was conducted by us.  
 
For standard depositions without any special action, such as hydrogen or CO2 plasma treatment, it is 
difficult to make μc-Si:H thin films with high crystallinity and conductivity on an amorphous layer [6]. In 
most of these cases, the Si film shows no microcrystalline sign because of the “epitaxy-like growth” of 
the amorphous network even if the film is deposited using the microcrystalline growth regime [8, 9, 12]. 
The conductivity of such films is in the range of 10-5 - 10-4 S/cm measured by the co-planar configuration 
[1], which is close to that of the a-Si:H boron-doped layer. In the present study, a very low silane 
concentration (Sc = [SiH4] / [SiH4 + H2 + B2H6]) of about 1-2 % was used for the common deposition of 
μc-Si:H thin film on amorphous Si layer. As can be seen from Fig. 3, the crystallinity values of the thin 
films without hydrogen plasma treatment are below 10% or even approach 0%, which means that the 
Raman signal merely shows the 480 cm-1 peak (corresponding to amorphous Si). The best conductivity 
achieved for those thin films is about 3.5×10-2 S/cm. 
 
As can be seen from Fig. 3, the hydrogen plasma treatment significantly improves the conditions for 
the growth of the crystalline phase. For a fixed duration (60 s) of each hydrogen plasma treatment step, an 
increasing number of cycles improves both the crystallinity and the conductivity of the Si film. For 15 
cycles and above, the films have crystallinity values of more than 60% and an excellent conductivity of 
about 1 S/cm. This results from the hydrogen atoms’ penetration into the sub-layer, which facilitates the 
structural re-arrangement and crystallisation. The high crystallinity gives rise to a better doping efficiency, 
because the crystalline phase is much easier to be doped than the amorphous phase.  
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Fig. 3.  Measured dependence of the (a) Si film’s crystallinity and (b) electrical conductivity on the number of H2 plasma/Si 
deposition cycles. The duration of each hydrogen plasma treatment step was 60 s. The final Si film thickness was in the range of 25-
30 nm for both graphs.  
(b)(a)
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However, continuing to increase the treatment cycle numbers has some side effects. It may degrade the 
film’s thickness uniformity. In this case, the film at the edge of the substrate may be lost or much thinner 
than the film at the centre. In our experiments, without using a shower head to control the gas flow, the 
film at the pump side of the chamber (where the gases are pumped out) may be lost or much thinner than 
the film at the gas side (where the gases are injected). This is because the hydrogen plasma treatment step 
disrupts the Si deposition process. As a result, the more plasma treatment steps are used during the 
experiment, the poorer the films’ thickness uniformity will be. And this side-effect will also degrade the 
film’s properties, such as a lower conductivity as shown in Fig. 3(b). To reduce this side-effect, some 
improvement can be achieved by slightly increasing the process pressure according to our experiments. 
Besides, the residence time (Ĳres) of SiH4 gas can be estimated from Eq. (3) [13]. It indicates the increase 
of pressure may prolong the duration of gas staying in the chamber, which is good for the stabilisation of 
the Si deposition process. 
Ĳres = FSiH4 pV/kT                                                                                     (3) 
where FSiH4 is the flow rate of SiH4, p is the process pressure, V is the volume of the chamber, k is the 
Boltzmann constant, and T is the gas temperature. 
 
On the other hand, for a fixed plasma treatment cycle number at 10 times while increase the treatment 
duration for each treatment step from 30 s to 180 s, quite similarly, there is an apparently growing 
tendency for both the crystallinity and conductivity of the film as shown in Fig. 4. But this rise seems not 
as large as that by using the method of increasing the plasma treatment cycles. When the treatment 
duration is long enough, such as longer than 120 s, the crystallinity and conductivity values start to 
saturate. It indicates that the hydrogen plasma treatment’s etching effect may also be saturated and, after 
that, the hydrogen plasma imposes the ion bombardment on the surface of the film. As a result, the 
hydrogen plasma may further weaken the Si-Si bonding. It will generate more dangling bonds and defects, 
which degrade the films’ quality. From this point of view, it is not suitable to prolong the hydrogen 
plasma treatment duration. Instead, increasing the treatment cycle numbers but properly shortening the 
treatment duration may be a better choice.  
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Fig. 4.  Measured dependence of the (a) Si film’s crystallinity and (b) electrical conductivity on the duration of each hydrogen 
plasma treatment step. The number of hydrogen plasma/Si deposition cycles was fixed at 10. The final Si film thickness was in the 
range of 25-30 nm for both graphs.  
(b)(a)
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3.2. µc-Si:H p layer deposition onto TCO-coated planar glass 
The properties of the μc-Si:H film not only depend on the deposition conditions, such as rf power, 
process pressure and gas flow rates, but are also strongly affected by the initial growth interface. Often, 
the μc-Si:H films are deposited onto bare glass sheets to examine their properties. However, when they 
are deposited onto TCO-coated (e.g., SnO2:F or ZnO:Al) glass sheets, the results may be quite different. 
First, the TCO materials are highly conductive. Their presence may result in a change of the local 
electromagnetic field distribution near the substrate surface and thus may affect the glow discharge. This 
may cause a process recipe drift compared to depositions onto bare glass (which is a non-conductive 
substrate). Second, under the situation of high substrate temperature and a high hydrogen concentration in 
the gas phase, the TCO’s surface region may be easily chemically deoxidised by the hydrogen atoms, 
forming a very thin defect-rich layer at its surface. On such an initial growth interface, it is difficult for 
the Si film to nucleate and to develop a crystalline phase [14]. Therefore, the incubation layer may be 
much thicker for a TCO-coated substrate than for a bare glass substrate. Thus, it is more difficult to 
fabricate a very thin μc-Si:H film with high crystallinity and conductivity on TCO substrates. 
 
In order to avoid the chemical deoxidisation reaction at the TCO surface, one possible solution is to 
lower the substrate temperature. Drevillon has reported that tin oxide is deoxidised by hydrogen at 200 
°C, but is stable below 150°C, while zinc oxide still displays quite a good stability at about 200°C [15]. In 
the present study, the LBL method was also used for μc-Si:H thin film deposition onto glass coated with 
ZnO:Al made by sputtering. As mentioned above, before the μc-Si:H deposition, a very thin amorphous 
Si layer was deposited onto the TCO. In this way, the interface becomes Si-Si rather than TCO-Si, with 
the additional benefit that the amorphous Si layer also serves as a protection layer for the TCO. Therefore, 
it is effective to avoid the formation of the inactive layer at the TCO surface. Using 15 hydrogen 
plasma/Si deposition cycles and a fixed hydrogen plasma duration of 60 s, about 30 nm thick boron-
doped μc-Si:H thin films with a crystallinity value larger than 60% were successfully grown on the TCO-
coated substrates. 
3.3. µc-Si:H p layer deposition onto textured glass sheets (AIT glass) 
Apart from the impacts of substrate or interface properties discussed above, the substrate morphology 
also has a strong influence on the μc-Si:H film growth and even on the solar cells’ performance [16-18].  
The substrate morphology’s influences include the surface roughness, the structural shape of the texture 
(for example V-shape or U-shape), the opening angle of the structures, and so on. All these factors will 
affect the μc-Si:H film growth, especially in the initial stage. In this study, p-type μc-Si:H films were 
deposited onto glass sheets textured on one surface with the AIT (aluminium induced texture) method [19, 
20]. The AIT glass sheets have a high surface roughness value of about 500-600 nm and a high haze 
value of above 50%, as measured by an optical profiler and a haze meter, respectively. An SEM image of 
the surface of an AIT glass sample is shown in Fig. 5. 
 
The Si films were deposited with the LBL method, using 10 hydrogen plasma/Si deposition cycles 
with a fixed hydrogen plasma duration of 60 s. The properties of the resulting p layers on planar glass and 
AIT glass are quite different, as can be seen from Table 2. It is found that the film on the textured glass 
substrate has both higher crystallinity and higher conductivity than the one on the planar glass, although 
both were grown with the same deposition conditions. This indicates that the substrate surface roughness 
plays an important role for the film growth.  
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Due to the high surface roughness, the textured substrate (see Fig. 5) has a much larger surface area 
than the planar substrate. Furthermore, the texture seems to result in a better hydrogen coverage of the 
growth interface, which in turn produces a higher crystallinity of the film (see Section 3.1). Generally, a 
high crystallinity (i.e., a high fraction of crystalline material in the film) will be good for improving the 
doping efficiency. Thus, the conductivity of the textured film is higher than that of the planar film, see 
Table 2. 
Table 2. Properties of Pc-Si:H p layers grown with identical deposition conditions on planar glass and AIT glass. 
30 nm thick p layer properties On planar glass On textured glass 
Crystallinity (%) > 30 > 50 
Conductivity (S/cm) > 0.2 > 0.5 
Surface roughness (nm) 0 500-600 
 
 
 
Fig. 5. SEM image of AIT glass. 
With respect to the influence of the surface roughness on the μc-Si:H film growth, Li et al. have 
shown by XTEM observations that there are more crystallites on a rougher region than on the flat region 
at the substrate/silicon interface [17]. They also pointed out that the different chances of forming silicon 
nucleation sites on the tips and in the valleys of a textured substrate surface will bring in the structural 
inhomogeneity of the film. In our study, a much rougher substrate was used for μc-Si:H film deposition 
than in Ref. 17. Hence, the structural inhomogeneities are expected to be more serious. Furthermore, 
according to some reports in the literature, a very rough substrate may not be acceptable for solar cell 
growth because it may cause the formation of micro-voids and micro-cracks at the TCO/silicon interface 
[18, 21, 22], which in turn cause serious shunting problems in the devices. One possible solution may be 
to deposit a very thick (several Pm) TCO layer onto the textured substrate, giving a TCO surface that is 
less rough than the textured glass substrate. Moreover, an Ar plasma treatment can be used for 
smoothening the TCO surface [21, 22], further reducing the negative growth aspects of the rough surface. 
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4. Conclusion 
In this study, experimental evidence is provided that shows that the layer-by-layer method is capable 
of producing very thin (< 30 nm) boron-doped μc-Si:H thin films with high crystallinity and high 
conductivity on different types of substrates. Some side effects, such as thickness uniformity issues 
resulting from an increasing number of hydrogen plasma/Si deposition cycles, can be reduced by properly 
tuning the deposition conditions, such as slightly increasing the process pressure. We also briefly 
discussed the influence of the substrate or initial growth interface on the μc-Si:H film growth and film 
properties. The experiments clearly show that, in order to fabricate device-grade μc-Si:H thin films, the 
impacts attributed to the substrate or initial growth interface must be taken into consideration.  
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